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Motor imagery can be described as a conscious mental simulation of an action without actual 48 execution, is accompanied by activity in specific neural substrates (both supraspinal and spinal) 49 similar to those involved in the actual executed movement. Meta-analysis on effect of motor imagery 50 on brain structures conducted by provided evidence that motor imagery activates 51 motor related brain networks including large fronto-parietal and subcortical regions involved in motor 52 execution. Several studies provided evidence that motor imagery increases excitability in 53 corticospinal tracts which projects directly to motoneurons and their interneurons controlling the 54 muscles ( . This has been shown to increase 56 the excitability of spinal reflexes (Li, Kamper, Stevens, & Rymer, 2004) and also in muscle 57 proprioceptive structures (muscle spindle Ia afferent fibers) (Bonnet, Decety, Jeannerod, & Requin, 58 1997) . So it seems that the motoneuron pool of muscle involved in imaginary movement receives 59 summation of neural inputs via descending and ascending neural pathways in similar way as during 60 real movement. The possibility that mental imagery can have an effect on the muscles that create the 61 movement is supported by the positive influence of motor imagery training on muscle strength (Clark 62 et al., 2014; . However the influence of motor imagery on electromyography 63 (EMG) measures is not clear yet. To date several studies have found no significant effect of motor 64 imagery on electromyographic activity during imaginary pointing arm movement for upper limb 65 muscles (Demougeot & Papaxanthis, 2011; Gentili, Papaxanthis, & Pozzo, 2006) during imaginary 66 pointing arm movement for upper limb muscles including anterior deltoid, tricpes and biceps brachii, 67 3 pectoralis major. In addition, Ranganathan, Siemionow, Liu, Sahgal, & Yue (2004) found no increase 68 in activity of biceps brachii and finger abductor during imaginary isometric little finger abduction 69 and elbow flexion, and Lemos, Rodrigues, & Vargas (2014) who found no increase in activity of the 70 gastrocnemius lateralis during imaginary rising on tiptoes. However, Oku, Ishida, Okada, & Hiraoka 71 (2011) found increased EMG in extensor carpi radialis activity during imaginary wrist extension and 72 and Dickstein, Gazit-Grunwald, Plax, Dunsky, & Marcovitz (2005) showed 73 increased EMG activity of nine upper limb muscles in agonists, synergists, fixators and antagonists 74 during imaginary lifting a weighted dumbbell and increased EMG activity of gastrocnemius medialis 75 and rectus femoris when performing imaginary rising on tiptoes respectively. 76
Surface electromyographic measurements reflect, to some extent, the effort of neural system 77 for movement execution as EMG signal is usually proportional to the level of motor unit activity 78 (Richards, 2008) . The muscle activity is altered by variations in the balance between inhibitory and 79 facilitatory input which go in parallel to the motoneuron pool, the terminal part of spinal afferent or 80 efferent sensory/motor pathways (Daroff et al., 2012) . So it might accepted that even during MI the 81 magnitude of EMG activity reflects the summation of facilitory and inhibitory inputs. This 82 assumption is supported by recent findings, which had shown that the increase of EMG activity during 83 MI mirrors a number of facilitatory inputs including mental effort related to e.g. characteristics of 84 imagined object, the heavier was the object lifted in imagination the showed a greater EMG signal 85 during MI and tends to be more pronounced in complex 86 functional movements . The EMG signal 87 during motor imagery is classified mostly as subliminal to previous findings that corticospinal excitability and brain activity during motor imagery is 93 enhanced with the real sensory feedback generated by holding an object which is imaginary 94 manipulated (Mizuguchi et al., 2012) we speculate that EMG activity during gait imagery may be 95 influenced by character of sensory feedback with respect to sitting (non-default position for walking) 96 or standing (default position for walking) body position during imagination. 97
With respect to imaginary training protocols in sport or in rehabilitation it has been suggested 98 that simultaneously observing somebody doing the task during motor imagery further positively 99 influences neural activity and enhances motor learning processes (Nedelko, Hassa, Hamzei, 100 Schoenfeld, & Dettmers, 2012; Roosink & Zijdewind, 2010; Wright, Williams, & Holmes, 2014). In 101 similar way with respect to motor learning even previous practice of imaginary movement facilitates 102 4 neural activity more than imagery before practice, improves imagination ability of this movement 103 (Wriessnegger, Steyrl, Koschutnig, & Muller-Putz, 2014 ) and combination of imagination with real 104 practice is more effective for motor recovery then movement imagination or execution alone. 105
Therefore the simultaneous observing of imaginary movement will have facilitatory effect on muscle 106 activity. 107
It has also been previously suggested that the effectivity of the motor imagery training depends 108 on individual's imaging ability (Gregg, Hall, & Butler, 2010) . Subjects with a good motor imagery 109 ability show a greater performance improvement following motor imagery training than do subjects 110 with a poor imagery ability (Mizuguchi, Yamagishi, Nakata, & Kanosue, 2015) . 111
The aim of the present study was to analyze the effect of gait imagery tasks from the first 112 person perspective on both proximal and distal lower limb muscle activity. Based on the prior finding 113 that motor imagery activates neural structures in similar way as movement execution and that muscle 114 activity reflects the summation of neural inputs coming to motoneuron pool via afferent and efferent 115 pathways we hypothesized that: (1) imagination of gait (which is considered as complex functional 116 task) modulates lower limb muscle activity, (2) the magnitude of muscle activity reflects character of 117 peripheral sensory inflow during imagination with respect to body posture and (3) the magnitude of 118 muscle activity is further influenced with respect to additional cognitive and motor task. 119 Therefore this study aimed to evaluate the electromyographic activity of proximal and distal 120 lower limb muscles, which participate synergically on gait execution, during gait imagery tasks 121 compare to rest conditions. This would potentially further our understanding of influence of gait 122 imagery task on motor system and the effect of imagining or observing gait activity of lower limb 123 muscles. This in turn provides important information for gait imagery rehabilitation protocols and 124 could increase our understanding of gait control mechanisms. 125 5 psychiatric, neurological or musculoskeletal disorders, balance or walking problems, the use of a 138 walking aid, chronic pain, pregnancy, the use of medication affecting the level of vigilance and 139 uncorrected visual impairments. The dominant lower limb was the right side in all participants, 140 determined as preference for kicking a ball . Testing occurred 141 in a quiet room in one day. All participants signed an informed consent prior to participating in this 142 study. The procedures, which were approved by the local ethics committee, were performed 143 according to the ethical standards of the Declaration of Helsinki. 144
Motor imagery ability measures 145
When completing the MIQ-R, participants are asked to perform one of four movement tasks 146 and then rate the ease with which they form visual and kinaesthetic images of this movement (from 147 1 = "very hard to see/feel" to 7 = "very easy to see/feel"). In the study mean MIQ-R scores (SD) were 148 47.7 (5.9) for both subscales, 24.15 (2.94) for the visual subscale, and 23.15 (3.15) for the kinaesthetic 149 subscale. The MIQ-R has demonstrated adequate internal consistency with Cronbach α coefficients 150 0.78 and 0.76 for visual and kinaesthetic subscales respectively. MIQ-R mean scores and consistency 151 were comparable to those observed in previous MI studies . 152
Electromyography measures 153
Muscle activity was measured using surface EMG using two self-adhesive electrodes (Ag-154 AgCl). The electrodes were placed in parallel to the muscle fibers in the midline over the muscle belly 155 with an inter electrode distance of 2 cm. Prior to placing the EMG surface electrodes, the skin was 156 abraded and cleaned. EMG activity was recorded from biarticular lower limb muscles involved with 157 gait execution by synergistic action (Chvatal & Ting, 2012) . Three distal muscles of the dominant 158 lower limb: tibialis anterior (TA), gastrocnemius lateralis (GL), gastrocnemius medialis (GM), and 159 three proximal muscles of the dominant lower limb: biceps femoris (BF), semitendinosus (ST) and 160 rectus femoris (RF) were measured. The reference electrode was placed over the fibula head. EMG 161 data were recorded at 1000 Hz using the wireless system TeleMyo 2400T G2 (Noraxon Co., USA) 162
with a system bandwidth was 20-1000 Hz. Real-time EMG signals were sent via telemetry at 1,000 163
Hz to an A-D converter (Noraxon Co., USA). The raw EMG signals were full wave rectified and the 164 root mean squared value of EMG (rmsEMG) signals was calculated using a time averaging period of 165 25 ms . The processing of the signal was performed by using the software 166
MyoResearch XP Master Edition 1.08.17 (Noraxon Co., USA). Raw EMG signal was visually 167 checked prior to processing and analysis to verify the absence of any artifacts. 168
Procedure 169
The test protocol was conducted with respect to previous findings such that the imagination 170 ability was enhanced when imagination was done from first person perspective, and is performed 171 6 with externally given auditive feedback Koehler, et al., 172 2012; Mizuguchi, et al., 2012; . 173 EMG data were initially collected in two default rest positions, sitting (non-default position 174 for walking) and standing (default position for walking) without performing any voluntary activity or 175 motor imagery, and then within six motor imagery experimental conditions in the following order: Default sitting or standing positions were standardized for all experimental conditions. In the 185 sitting position, the participants were seated upright in a chair that leaned against the back and arm 186 rest. In the standing position, the participants were standing upright with hands along their body. In 187 both default positions, the feet were placed a pelvic width apart. In all experimental situations, the 188 position of the feet was unchanged. 189
For every participant and for all tested conditions, the rhythm of gait was given to the 190 participants using a metronome set at 110 beats per minute, to replicate a normal gait cadence All 191 tested participants reported that they were able to imagine gait well at this step frequency. In the first 192 experimental imaginary gait conditions for sitting and standing, the participants were instructed to 193 imagine a rhythmic gait as vividly as possible, in the first person perspective, the instruction was 194 "Imagine yourself walking on the pace of the metronome" without making any actual movements. In 195 second tested conditions, the participants observed the rhythmic gait of a second person in frontal 196 plane from posterior side on the projection screen (200 x 200 cm) placed 2 meters in front of them. 197
The participants were instructed to watch the gait and to simultaneously imagine a rhythmic gait as 198 if they were walking (the instruction was "Observe the woman on the screen walking at the pace of 199 the metronome and simultaneously imagine yourself walking at the same pace"). Next, real rhythmic 200 walking at the pace of the metronome in hospital corridor was performed by the participants for a few 201 minutes to enhance further rhythmic gait imagination ability (Wriessnegger, Steyrl, Koschutnig, & 202 Muller-Putz, 2014). Just after real rhythmic walking, third experimental conditions were performed, 203 the instruction within the gait imagery task after gait execution was the same task as in the first 204 For all tested muscles in rest default sitting and standing position the EMG activity was almost 241 silent, the mean and standard deviation reference rest electromyography data [µV] are presented in 242 Table 1 . All experimental gait imagery conditions were normalized as a percentage of the rest values 243 separately for each posture, muscle and participant, descriptive statistics of these data are presented 244
in Table 2 . First gait imagery task in standing position had facilitatory effect on proximal lower limb 245 muscle activity (Table 2, Table 3 ). However, EMG activity of distal leg muscles decreased for all gait 246 imagery tasks in the sitting position, when the proprioceptive feedback was less appropriate. 247 248 Conditions using rhythmic gait imagery mostly indicated an inhibitory effect on lower limb 255 muscle activity compared to the rest default positions ( Table 3 ). In the sitting position this was 256 apparent for GM and GL and for TA in all experimental conditions, for BF and ST during gait imagery 257 and simultaneous gait observation and gait imagery after gait execution. 258
In the standing position significant inhibition was only present in GL for second gait imagery 259 condition and in TA for second and third gait imagery condition. In the standing position, the first 260 gait imagery task in the proximal tested muscles (BF, RF) resulted in an increased EMG activity. 261 
Standing vs. sitting position (Hypothesis 2) 265
When comparing of the normalized EMG data between experimental conditions and between 266 the sitting and standing positions, muscle activity was mostly higher in the standing position (Table  267 3). This support the hypothesis that standing facilitates muscle activity in comparison to sitting. The 268 difference were significant for GL (p<0.01, ES>0. during rhythmic gait imagery was not major finding in our study. Lower limb muscles mostly 287 decreased EMG activity during the experimental tasks using gait imagery compared to the rest 288 conditions, where EMG activity of all muscles was almost silent (Table 1) . This was significant 289 especially for distal leg muscles in the sitting position (Table 2 and Table 3 compared corticospinal excitability within motor imagery of simple foot task (dorsiflexion) and MI 296 of gait measured by motor evoked potentials from task-related muscle m. tibialis anterior in sitting 297 position. They found that motor evoked potentials areas increased during motor imagery of simple 298 foot task, however corticospinal excitability within gait imagery increased just in selected group of 299 subjects (5 from 16) who had larger increased during imagined foot dorsiflexion, so compared to the 300 majority of participants this simple task did not show and increase in muscle activity during gait 301 imagery. 302
As supraspinal control might be suppressed during imagery of postural task we speculate that Motor imagery of lower-limb movements including gait relies mainly on the supplementary motor 309 area, cerebellum, putamen, and parietal regions . Activity of these areas is required 310 more for gait planning with respect to changes of external environment rather than for stereotype 311 locomotion which has been shown to be more automatic . 312
Activity of CPG might be modulated to a great extent by afferent sensory feedback from lower limb 313 receptors even with suppressed supraspinal control than has been previously demonstrated on spinal-314 cord-injured humans ) or in situations 315 without any extra demands on gait with respect to e.g. additional task or changes in the external 316 environment . Particularly phasic peripheral sensory 317 information associated with lower limb loading during walking evokes lower limb muscle activity 318 . found that by 70% unloaded body weight stepping (but 319 not 100% unloaded body weight stepping) movements induced by a driven gait orthosis on a treadmill 320 in healthy subjects elicited muscle activity of distal extensor lower limb muscles, namely 321 gastrocnemius medialis and soleus. So the EMG activity of distal lower limb muscles during the gait 322 is to a great extent dependent on phasic peripheral sensory information especially in situations when 323 no extra attention or demands on posture control are needed. The importance of proprioceptive 324 feedback for muscle activity during walking was suggested further McCrea (2001) , who found that 325 feedback from extensor proprioceptors induces locomotor dependent reflexes that contribute 326 considerably to extensor muscle activity during real walking. So it is probable that especially distal 327 lower limb motor neurons don't receive enough facilitatory inputs to evoke muscle activity during 328 stereotype rhythmic gait imagery tasks in sitting position. Furthermore it seems that during the 329 imagining of gait in a position in which walking is impossible dominate inhibitory effect over possible 330 facilitatory on the muscle activity. 331
The emerging question from these current findings is not only why tested gait imagery 332 conditions do not have facilitatory effect on muscle activity, which was the major focus in previous 333 studies, but why gait imagery tasks resulted in decreased muscle activity compared to the rest 334 condition in our experiment. 335
To date a decrease of EMG activity during imagination of movement execution task has not 336 been described. Decreased excitability of motor neural system during movement imagery compared 337 to rest condition, specifically decreased activity of corticospinal tract, has been previously reported to rest conditions (Hiraoka, 2002; Oishi et al., 1994) . Hiraoka (2002) suggested that imagination of 342 stumbling in standing posture lead to decrease excitability of soleus H-reflex and Oishi (1994) found 343 11 that imaginary of skating motion in elite skate sprinters led to suppression of soleus H-reflex during 344 whole period of imaginary movement. All these finding are support the previous suggestion that 345 motor commands during motor imagery must be inhibited throughout the neural system to some 346 extent to prevent overt movement execution Jeanarod, 2001) as EMG activity (if 347 present) is just at subliminal intensity without tonic specific activity as during real movement (Guillot, 348 2007; Jeanarod, 2001) . 349
Inhibitory processes, which presumably propagate to the spinal motoneurons in parallel with 350 the excitatory inputs might have origin on the cortical, brainstem or either on spinal level (Jeannerod, 351 2006; . We speculate that the cause of EMG decrease, which occurred mostly in 352 sitting position during gait imagery tasks, presumably mostly took place on spinal level as sitting and 1997). Furthermore we speculate that muscle activity decrease during gait imagery task might be 361 influenced by depression of afferent neuronal discharge as has been demonstrated during fictive 362 locomotion in the cat induced by mesencephalic locomotor region stimulation (Perreault et al., 1999) . 363
Decrease of muscle and cutaneous afferent-evoked monosynaptic field potentials reflected a 364 reduction of depolarizing synaptic current into spinal neurons during fictive locomotion (Perreault et 365 al., 1999) . 366
367
The influence of posture 368
For all tested muscles in most of experimental conditions was muscle activity during gait imaginary 369 tasks significantly lower in sitting position compared to muscle activity during gait imaginary tasks 370 in standing position (see Table 2 previously proved that preventing the hip from extension in chronic spinal cats inhibits the flexors 400 muscle activity. As EMG activity depends on level of motoneuron pool excitation it is probable that 401 muscle proprioceptive (muscle spindle) afferents is gating the strength of Ia afferent synaptic insput 402 onto target motoneurons during gait imagery, same as during gait execution (MacKay-Lyons, 2002). 403
Then the level of proprioreceptors activation might be crucial for the the subtreshold activation of 404 target muscles during gait imagery tasks. This assumption is in accordance with previous studies the 405 appropriate propriceptive feedback (concretly posture congruent with imaginary task) provided 406 excitatory input to the motor system and facilitates muscle activity. 407
For the proximal tested muscles (BF and RF) the gait imagery task in the standing position 408 was the only experimental condition when the muscle activity increased compared to the rest position. 409
It has been previously suggested that the proximal leg muscles (e.g., BF) are mostly controlled by the 410 monosynaptic corticospinal pathways compared to mostly polysynaptic corticospinal innervations of 411 the distal leg muscles (e.g., GM) Cowan, Day, Marsden, & Rothwell, 412 1986 ). So presumably during the gait imagery task, the direct neural input from the cortex to the 413 13 motoneuron may enhance the ability of the cortex to control the proximal leg muscles (Brouwer & 414 Ashby, 1991) . This assumption is in accordance with previous findings that during hand movements 415 dominates monosynaptic cortical-motoneuronal input (Nicolas et al., 2001) and mostly for upper limb 416 movements the presence of EMG activity during imagery tasks has been already demonstrated. It is 417 possible that motor imagery does not provide equivalent neural input to proximal and distal leg 418 muscles, but this has to be further explored. And still just biarticular lower limb muscles were 419 measured. To follow our results it is likely that the imagining of rhythmic gait provides inhibitory 420 input mostly to the distal leg muscles in the default sitting position. In accordance to previously 421 mentioned studies inhibition might reflect the summation of several factors including: decreased 422 supraspinal effort for stereotype gait imagery tasks, spinal inhibitory mechanisms (presynaptic 423 inhibition), different neural drive to the motoneurons of distal and proximal leg muscles, and default 424 sitting posture which does not provide appropriate feedback for real walking. However the results of 425 this study are limited to young woman population with good imagery ability, and to stereotype 426 rhythmic gait imagery task. Therefore, further research is required with respect to different genders 427 and populations. 428
429

Comparison of EMG activity during experimental conditions 430
Combination of motor imagery and observation or 431 previous imagined movement execution (Wriessnegger, Steyrl, Koschutnig, & Muller-Putz, 2014) 432 enhances activity of neural structures and motor learning processes (Gomes, et al., 2014; Nedelko, 433 Hassa, Hamzei, Schoenfeld, & Dettmers, 2012) compared to motor imagery itself. Based on this 434 assumption we hypothesized, that both simultaneous motor imagery with motor observation and 435 previous execution of imagined movement would have further facilitatory effect on muscle activity 436 compared to gait imagery alone. So we added these "augmented" imagery conditions in given order 437 to the experimental protocol. However in our experiment the second and the third experimental 438 condition mostly led to muscle activity decrease compared to the first tested situation. As the order 439 of first, second and third experimental conditions were not randomized we suggest that the decrease 440
in muscle activity within repeated tested motor imagery tasks in our experiment might reflect to some 441 extent the gradual habituation effect. It has been previously described, that cortical activity is mostly 442 pronounced during initial trials of complex motor imagery tasks (imagery of volleyball spike attack) 443 compared to second and third motor imagery where the short-term habituation effect might be present 444 (Stecklow et al., 2010) . None of tested participants reported feelings of tiredness during the 445 experiment the mental fatigue, which has been previously reported for prolonged imagery tasks 446 (Rozand et al., 2016) , was not the reason of decreased muscle activity for subsequent imagery tasks. 447
14
We suggest here that more challenging imagery tasks as part of gait rehabilitation are required, then 448 habituation effect might be avoided (Marchal-Crespo et al., 2014). 449
450
The results of this study potentially further our understanding of influence of rhythmic gait 451 imagination on lower limb muscles with respect to the body posture. This in turn provides important 452 information for gait imagery rehabilitation protocols and could increase our understanding of gait 453 control mechanisms. 454
